J. Gill. Charge-density wave phase-slip in niobium triselenide : dislocations and the growth of an, electronic crystal. Journal de Physique IV Colloque, 1993, 03 (C2) Abstract. The analogy is explored between phase-slip in charge-density wave conductors, which brings about the growth and decay of an electronic crystal, and the processes of growth and plastic flow which occur in conventional crystals. The experimental data on NbSq are re-examined, and new measurements of the voltage Vps needed to produce phase-slip at a given rate presented. It is suggested that Vps is determined mainly by the difficulty of inducing dislocation loops in the charge-density wave to climb to the crystal surface, rather than by their difficulty of nucleation.
Introduction.
Niobium triselenide (NbSq) is one of those quasi low-dimensional metals, with conducting chains weakly coupled together, in which an effective interaction between the conduction electrons leads to their ordering, below a critical temperature Tp, into the type of electronic crystal known as a charge-density wave (CDW). The density of electrons exhibits a spatially periodic modulation whose wavevector Q, in the absence of distortion, has component 2 b in the chain direction z, where l q is the Fermi wavevector (1). When, as in NbSe3, Q is incommensurate with the reciprocal lattice, the energy has no inherent dependence on the phase of the CDW which, in a perfect crystal, would be induced to move by an infinitesimal electric field along z. Such a collective motion of the entire electronic distribution leads to the co-operative conduction proposed by Frohlich [I] . In real crystals the phase is "pinned" by chemical impurities and other defects, and continuous Friihlich conduction commences only when the field E exceeds a threshold value ET [2] . A CDW is usually described by a continuous order parameter A cos[Q.r + $(r,t)], with A (a measure of the energy gap) constant, and phase + single-valued. However, as steady conduction is observed between current terminals attached (in the case of NbSq) to the side of the ribbon-like crystal, beyond which the CDW remains pinned, its motion requires wavefronts to be added and removed near the terminals. This happens through processes of phase-slip, in which A collapses locally and the continuity of + is lost. As they effect the growth and decay of the electronic crystal, phase-slip processes are expected to resemble those of growth and plastic flow in conventional crystals [3] .
Thus it is accepted that in macroscopic crystals the addition or removal of each wavelength of CDW proceeds through the formation of an edge dislocation loop (phase vortex), which then expands to the crystal surface. The factor limiting the rate of phase-slip is thought to be that at which loops are nucleated in the stressed CDW. A recent theory of the nucleation process [4] appears consistent with observations [5] (1) As its components in crystallographic directions other than the chain axis are invariably commensurate, Q will be defined (by suitable choice of unit cell) to lie along that axis.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993233 of the relation between the rate of phase-slip, given by the Frohlich current Ic, and the stress required to induce it, measured as a voltage Vps in excess of that needed to drive Ic in the bulk material.
The agreement is, however, rather surprising if phase-slip is indeed analogous to growth and plastic flow in conventional crystals. In the latter, although nucleation is a possibility, new layers or dislocation loops are almost always generated, without nucleation, from existing dislocations. As similar mechanisms should be available in CDWs, it seems useful to enquire whether factors other than nucleation contribute to Vps. Accordingly, processes of crystal growth and plastic flow of possible relevance to CDW phase-slip are outlined in $ 2. The experimental data are considered, and some new results presented, in $3. Finally, in $4, an attempt is made to identify the important features of the phase-slip process in NbSe3.
2. Dislocations and phase-slip in charge-density waves.
Dislocations in CDWs, discussed by Feinberg and Friedel [6], differ in some respects from those in conventional crystals. The Burgers vector is necessarily parallel to Q, and of magnitude 2nlQ (the CDW wavelength h), so that screw dislocations must lie parallel, and edge dislocations perpendicular, to the chain axis z. The climb of edge dislocations perpendicular to z, which in conventional crystals requires the migration of atoms or vacancies, now involves mobile electrons, readily available in NbSe3 even at low temperatures. Nevertheless, climb is expected to be more difficult than glide parallel to z, on account of the extreme elastic anisotropy of the CDW, a result of the weak inter-chain coupling. Clearly, to sustain phaseslip, the longitudinal stress 2 associated with Vps has to be sufficient both to generate dislocation loops, and to induce their climb to the crystal surface. Mechanisms of generation are considered first.
The generation of dislocation loops.
(a) Nucleation processes. For an edge dislocation loop to grow indefinitely in a CDW, it must first reach a critical size dependent on the stress 2. A process of nucleation is required if the CDW is initially free of dislocations. Ramakrishna et al. [4] , in their theory of thermal nucleation, give the critical radius (omitting a numerical factor -1) as rc
where K is an effective elastic modulus for the CDW. From the energy ( = (zK)2/(22Q3) ) of such loops is estimated their rate of generation and, assuming each climbs directly to the crystal surface (advancing the CDW by A ) , the Frohlich current Ic sustained by Vps. For a CDW carrying charge density p, stressed by a uniform field VpdL between terminals L apart (so that Z varies linearly between values kp.Vpsl2 at the terminals), the current at temperature T is extend to the opposite terminal. The chain direction z is normal to the paper.
when T=O. From these one obtains the low-temperature values Va -14001T mV.K; rc -55Nps A .~v near the terminals; and, for a crystal of dimensions L = lmm and A = lOpm2, lo =: 6x1011 A. Though the above model of nucleation is the more relevant here, it is mentioned that a fundamentally different process has been suggested by Brazovskii and Matveenko [8] . Rather than being generated by Vps, the dislocations appear spontaneously, in order to screen the field associated with the contact potential between the CDW material and the metal of the terminal. However, in NbSq, which remains metallic at T = 0, the screening is already provided by conduction electrons not concerned in the CDW.
(b). Generation without nucleation. As with slip in a conventional crystal, unlimited phase-slip in a CDW should be possible without any need for dislocation loops to be nucleated, if certain structures suggested by Frank and Read [9] are initially present. The processes differ, however, as the restriction of the Burgers vector in CDWs makes impossible the glide of dislocations in two dimensions which leads to slip in conventional crystals. The equivalent processes in CDWs, analogues of those leading to crystal growth, involve climb in two dimensions.
In the simplest Frank-Read (FR) structure (figure lb), a screw dislocation is joined to the crystal surface by edge sections near each terminal. Continuous phase-slip merely requires the edge sections (which assume a spiral form) to climb under the influence of applied stress. Such structures are perhaps of importance near the crystal surface; elsewhere screw dislocations of opposite senses, presumably of similar abundance, will link to form FR sources for the multiplication of dislocation loops.
Such a source, consisting of a mixed dislocation loop in which opposite screw sections are joined near each terminal by edge sections, is shown in figure lc. Climb induced by longitudinal stress causes each edge section to curve, eventually releasing a dislocation loop which continues to expand, after which the process repeats. The critical stress for the process to occur is (cf. expression 1) Cc = WQd (3 where d is the separation of the screw sections.
The abundance of such structures in CDWs is difficult to estimate. There is no energetic objection to their presence in equilibrium: dislocations should be stable at separations not much greater than the Lee-Rice correlation length, their elastic energy being then of the same order as that already associated with the weak pinning. During Frijhlich conduction the drift with the CDW of loops initially in the bulk material will result in their being eliminated at the positive terminal, after being temporarily active as FR sources. Mixed loops initially ending near the negative terminal will, however, persist: their activity as FR sources creating new CDW compensates for the drift, so that the loops extend and eventually provide FR sources for the removal of CDW at the positive terminal. When current flows it is likely that further such loops will appear, as a result of non-uniform shear, where terminals make contact over only part of the crystal width.
It would not be surprising, therefore, were the number of FR sources to approach, in order of magnitude, that of the Lee-Rice "domains" in the cross-section A . With d then of the same order as a transverse Lee-Rice length, typically lpm, and other quantities as previously assumed, the critical stress Cc is reached with Vps = lOpV, about two orders of magnitude smaller than is needed to induce appreciable phase-slip by nucleation. FR sources should then dominate the generation of dislocation loops.
Expansion to the crystal surface.
The stress-induced climb of the loops to the crystal surface completes the phase-slip process (glide, induced by shear stress is a likely accompaniment, and extends the region where phase-slip occurs). Although its importance is recognised [6] , no quantitative treatment of the effect of the lattice in impeding the climb of CDW dislocations is available. In conventional crystals the analogous resistance to glide is modelled [lo] by the motion of a line under tension across a sinusoidal Peierls-Nabarro potential (figure Id). When T = 0, motion from one valley of the potential to the next requires a critical stress Cp = 2 Wplbl, where 1 is the distance between valleys, b the Burgers vector, and Wp the amplitude of the potential. If T > 0 pairs of kinks can be generated thermally, with activation energy Wk =: I(WoWp)l/2, where Wo is the energy per unit length of the dislocation; motion can then be induced by the small stress needed to dissociate the pairs.
With CDWs, 1 becomes the chain separation, here -5A along x (a*), 15A along y (c*).With Ex -3A and ty = 118, both smaller than the corresponding 1, transfer between valleys, and kink motion along them, are both resisted by the discreteness of the lattice. An upper limit for 2Wp is set by the energy (=A per chain affected) needed to collapse the CDW, equivalent to Vps = Ne, -22mV in the mean-field case. With this value for 2Wp, and Wo =: Kh2/2x, the activation temperature for kink pairs is about 300K. is measured between the inner, and a "transposed" version T, with I flowing between the inner terminals (separation LT), and VT measured between the outer. In each case the Frohlich component Ic of I is identified with its non-linear part I -VIR, where R = VII measured in the linear regime with I less than the threshold value IT. For given Ic, VT is (usually) greater than VN, as in figure 2 . The difference VTN = VT-VN clearly arises because the phase-slip regions contribute directly to VT, but not to VN. As Vps appears in VT, but contributes only Vps.LN/LT to VN, it is usually identifi,ed with VTN/[l-LTIr,]. which quantity is denoted V T 3 below.
In their recent experiments on phase-slip, Maher et a1 [5] found VTN* to be related to Ic essentially as is Vps predicted (expression 2) by the nucleation model of Ramakrishna et al [4] . However, the assumption that Vps is the only contributor to VTN* has been challenged [I21 on the grounds that if (as the nucleation model predicts) phase-slip occurs over a finite total length Lps, then VT (and hence VTN*) is influenced by the decrease of Ic near each terminal. As the measured Ic is a mean over LT, a rate of phase-slip corresponding to a given Ic in the N configuration will in T be measured as Ic (-10s) indicated that the contact area was small, their perturbing effect as voltage terminals is thought to have been negligible (inner voltage terminals of gold wire, diameter IOpm, resting on the crystal and presumed nonperturbing, gave similar results). Measurements of Ic were made using a pulsed technique, with digital recording; to avoid transients associated with the rearrangement of the CDW, recording began a few ms into the pulse, and a small correction was made for the temperature rise (-50mK) that had occurred.
The accuracy of VT# as a measure of Vps may be seen from the representative records in figure 2 (obtained at 77K from a crystal having LN = 7.5mm, LT = 0.75mm, A = 97pm2). In this case L p p 0.15LT, and VTN* exceeds Vps by less than 10%. The effect of Lps thus is smaller than the measurements using the M configuration suggested: the main reason is that LpS, which clearly cannot exceed the separation L of the current terminals, eventually decreases as L is reduced. It has also been found, using the M configuration with a specimen carrying many contacts, that Lps varies between current terminals (2) . In most cases Lps at each terminal is 5-10% of L when b l m m , but negative Lps (phase-slip region centred beyond the terminal) has occasionally been found. It is concluded that, in the specimens examined here, Lps was greatly influenced by dislocation glide, induced by shear associated with the varied contact geometry.
The difference between V T 8 and Vps, though small, has important consequences for the interpretation of phase-slip. This is evident from the comparison, in figure 3 ,between VTN* and Vps at 7K. The temperature Vps, while remaining almost independent of Ic, decreases rapidly (from 6.2mV at 77K to less than ImV at 1 IOK). Some variation (+ 30% at 80K) of Vps between specimens has also been observed.
(2) Lps is also influenced if I is diverted through voltage terminals (R.E. Thome, private communication).
